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Abstract This is an account of Allan Sandage's work 
on (1) The character of the expansion field. For many 
years he has been the strongest defender of an expand- 
ing Universe. He later explained the CMB dipole by 
a local velocity of 220 ± 50knis^^ toward the Virgo 
cluster and by a bulk motion of the Local supercluster 
(extending out to - 3500 km s"^) of 450 - 500kms~^ 
toward an apex at / = 275, = 12. Allowing for these 
streaming velocities he found linear expansion to hold 
down to local scales (~ 300 km s"^). (2) The calibra- 
tion of the Hubble constant. Probing different meth- 
ods he finally adopted - from Cepheid-calibrated SNe la 
and from independent RR Lyr-calibrated TRGBs - 
Ho = 62.3 ± 1.3 ±5.0 kms^^ Mpc^i. 



1 Introduction 



Edwin iHubbld is generally credited for the discovery 
of the expansion of the Universe. But as so often in 
the case of fundamental discoveries, others had con- 
tributed. G. Lemaitre had published a value of t he ex- 
pansion rate (Hubble constant, Hq) already in Il927 . 
and H. P. Robertson once laconically told Sandage, 
Hubble found the expansion because I told him. In 
fact, Ro bertso n had published his value of Hq al- 
ready in 19281 Hubbies most astounding achievement 
is to have convinced the World of the expansion of 
the Universe with his brilliant monograph The Realm 
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Fig. 1 Hubbies last Hubble diagram with unrealistically 
small scatter and the remark no recession factor which doc- 
uments his doubts about the expansion of the Universe. 



of the Nebulae (|l936l) : he had by then much bet- 
ter cards than in 1929 because he had extended with 
the help of Milton Humason the log redshift-apparent 
magnitude diagram (Hubb le diagram) to 19, 000 km s~^ 
dHubble fc Humasonlll934h . but his value of Hq was still 
to high by a factor of roughly 8, and correspondingly 
his expansion age was impossibly short ~ a problem 
which h e elegantly managed to bypass. Paradoxically 
Hubblj began to question the reality of the expansion 
in the same year as his book appeared because he could 
not make sense of his galaxy counts. His doubts per- 
sisted until his death as evidenced in his Darwin Lec- 



ture - posthumously edited by banda ge - where | Jjlubb 
showed a Hubble diagram including iHumason si largi 
redshift clusters out 61, 000 km s^^ (Fig. [J) with the re- 
mark 'no recession factor (applied)', which means that 
he had corrected the galaxy magnitudes for a single 
factor of z, but not for the z^-term required in any ex- 
panding model. 

A definitive description of the expansion had to pro- 
ceed along two lines. (1) The expansion field had to be 
mapped in different directions and out to truly cosmic 



Fig. 2 The Hubble diagram of first-ranked cluster galaxies 
from HMS. The curved Hubble line corresponds to a closed 
Universe with qo = 2.5. 



Fig. 3 Allan Sandage in 1967. Under high pressure he had 
developed painful arthritis of his fingers, which is reflected 
in this picture. 



distances - allowing for deceleration and/or accelera- 
tion - to test whether the expansion is linear, which 
means that it is observed as the same by any observer 
in the Universe^ 

(2) Only then it is meaningful to search for the cos- 
mic value of Hq, which in turn would provide the first 
cosmological test, i.e. the expansion age of the Universe 
as compared with independent geological and astro- 
physical age determinations. Sandage has contributed 
to these two topics more than anybody else, although 
only about one fourth of his papers are devoted to them. 

The remaining possibility that rcdshifts are not 
caused b y the co smic expansion has been disproved 
later by ISandagd in a series o f papers on the diffi- 
cult Tolman test ( Sandagelboiol and references therein) 
which requires that the surface brightness of a galaxy 
within a metric radius decreases with z~'^. 



2 The Character of the Expansion Field 



The famous IhMRI paper gave new support for an 
isotropic, expanding Universe. M. Humason and 
N. Mayall published in it the 630 galaxy redshifts of the 
combined Mount Wilson and Lick Observatory sample. 
The task of the theoretical analysis of the data fell upon 
Sandage. He homogenized the magnitudes, applied the 
first correct redshift-dependent K-corrections, and he 
showed Hubble diagrams for various subsamples. In 
particular he derived the Hubble diagram of 18 first- 
ranked cluster galaxies, where he applied corrections for 

^Note: linear expansion does not require a linear Hubble line. 



luminosity evolution and the iiT-correction. From the 
upwards curvature of the Hubble line he concluded that 
the expansion is de celerated. In a subsequent paper 
Hovle and Sandage! defined the deceleration parameter 
qo and derived a value ofgo = 2.5±l, i.e. a deceler- 
ating Universe. It is interesting that this value flatly 
disagrees with qo = —1, the value required by Hoyle's 
Steady Sta te mod el which he still maintained for a long 
time. The HMSl paper was the strongest support for 
an expanding Universe until 1962, when the Cosmic 
Microwave Background (CMB) was detected (Fig. [5]). 

In Il96ll Sandage wrote a paper The Ability of the 
200-inch Telescope to Discriminate between Selected 
World Models. It became the foundation of modern 
observational cosmology and made cosmology a quan- 
titative science. He calculated the form of the Hubble 
diagram, the number of galaxies per apparent magni- 
tude bin, and the diameter-redshift relation for a grid 
of different values of qo, including qo = —1. 

The large redshifts of Quasars were discovered in 
19 63. Sandage's role in the dis c overy is well described 
by iLvnden-Bell and Schweizeii (120111). Sandage also 



discovered the radio-quiet QSS ( Sandage fc Veronll965l : 
Sandagd Il965r ) . The discovery prompted widespread 
speculations about large non-cosmological redshifts. 
Sandage was appalled. At the lAU General Assembly in 
Prague in 1966 Sandage, together with Sir Martin Ryle, 
was the main speaker on the nature of large redshifts. 
He gave a flamboyant presentation, but some remained 
still unconvinced. Sandage felt an enormous pressure 
for the coming years, and he developed painful arthritis 
in his fingers, that later became dormant (Fig. [3]). 
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2.1 The Hubble diagram of brightest cluster galaxies 

During that time Sandage decided that the Hubble di- 
agram of brightest cluster galaxies had to be carried to 
higher redshifts with the double purpose of determin- 
ing qo and to see how Quasars, radio galaxies, and N 
and Seyfert galaxies fitted into the picture. He single- 
handedly mounted a gigantic observing program for the 
identification, position, apparent magnitude and red- 
shift of distant brightest cluster galaxies down to the 
limit of the 200-inch telescope. Precise positions were 
needed because the fainter objects could not be seen 
by eye, and the aperture photometry and photographic 
spectroscopy had to be done by blind offsets. He some- 
times spent 14 hours without interruption in the narrow 
prime focus of the telescope, and he frequently changed, 
depending on the seeing conditions, the very heavy in- 
struments during the night, which impaired his health. 
In total he invested more than 100 nights of the "Big 
Eye" on the program, that resulted in eight papers leav- 
ing no doubt that in order to explain the scatter in 
the Hubble diagram of various objects it was not nec- 
essary to invoke mysterious redshift, but that i t was 
caused by the respective luminosity functions. Bv ll972 
he had extended the Hubble diagram with a disper- 
sion of ^ 0.3 mag to z = 0.46 as shown in Fig. A 
formal solution for qq gave qq ~ 1.0 ± 0.5, yet exclud- 
ing lum inosity evolution. At the arrival of CCD de- 
tectors ISandage with J. Westphal and J. KristianI ex- 



tended the Hubble diagram to z = 0.75, but with- 
out quoting a value of qo, because in the mean time it 
had become clear t hat the light of E galaxies is domi- 
nated by red gia nts (jBaldwin et al.lll973t lTinslevlll973 : 
TammannI 11974^ and that luminosity evolution has a 
decisive effect. 

2.2 The Hubble diagram of Supernovae of type la 
(SNe la) and of clusters 

Early Hubble diagrams of SNe I showed promise that 
they may become useful as standard ca ndles, but the 
dispersion was still large (.Kowal 1968; Tammanrj|l977 . 
1978lll979HBranch fc BettiiJimsl) Nevertheless a scat- 
ter of less than 0.3 mag was s uggested in a paper 
by ICadonau. Sandage. fc Tammann (1985i ). The sit- 
uation improved further with the spectrosco pic sep- 
arati on of type la SNe from other subtypes (jBranch 
19861). This led to a luminosity d is persion of ~ 0.25 mag 
( Tammann fc Leibundgut 1990t [ Branch fc Tammann 



19921) which made SNe la strong competitors to bright- 
est cluster galaxies as standard candles, in particular 
as they are presumably little affected by luminosity 
evolution. Their study was followed up by many au- 
thors, too numerous to be cited here, who increased 



BRIGHTEST GALAXY 
IN 84 CLUSTERS 




Fig. 4 Sandage's Hubble diagram of first-ranked cluster 
galaxies extending to z = 0.46. Lines for different values of 
go are shown. The box in the lower left marks the inter- 
val within which Hubble established the redshift-distance 
relation in 1929. 



Hamuv et al 



the s ample and improve d the data (e 
19961 ). The suggestion of lPhillipsI (|l993l ) that the SNIa 
luminosity de pended on the decline rate w as initially 
questioned by Tammann fc Sandagel ( 19951) . but later 
fully confirmed on the basis of more distant SNe la with 
reliable veloc i ty di stances in IParodi et al] (|2000l) and 
Reindl et al.l (|2005l ). The dispersion of the maximum 
magnitude was now reduced to 0.16 mag, or even less 
for the / magnitudes in dust- free E/SO galaxies. (For 
the definition of the corrected maximum mag nitudes 
see § 13. 3p . The last paper in that series (Sandage et al.l 



20101 in the following SRTIO) contains 246 SNe la with 
vcMB < 30, 000 km s~^ (for the corrected velocities 
see § 12. 7p . The sample is a compilation of log v and 
m(max) data fro m five large, overlapping sets of SNe la 
(cited in SRTloh which were homogenized by requir- 
ing that each set has to comply on average with the 
same, arbitrarily chosen value of Hq = 60. The result- 
ing Hubble diagram (Fig. [5] below) carries Sandage's 
expectation of a linearly expanding Universe down 
to scales of 1200 km s^ . Others have carried the 
SNe la Hubble diagram to much hig her redshifts and 
have thereby d iscovered dark energy (jRiess et al.lll998 : 
Perlmutter et al. 1999). 

In addition to the SNe la good relative distances 
of 28 clusters with 3000 < v < 10, 000 km s~^ have 
become available from the mean 21cni-line width dis- 
tan ces of about 25 individual cluster members per clus- 
ter ( Masters 20081 ). Their Hubble line has a scatter of 
only 0.15 mag and shows no deviations from linear ex- 
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Fig. 5 The composite Hubble diagram of 176 galaxies with TRGB distances (green) and 30 galaxies with Cepheid distances 
(blue); the 246 SNela and 35 clusters are shown in black. The distance moduli (m — M) are arbitrarily normalized to 
Ho = 60. Galaxies with more than one distance determination are shown at the mean modulus. The velocities V220 are 
corrected for Virgocentric infall; if V220 > 3500 km s~^ they are also corrected for the motion of the Local Supercluster 
toward the corrected CMB apex (see §[2]7|. The fitted, slightly curved Hubble line corresponds to a ACDM model with 
Qm — 0.3, JIa ~ 0.7. The scatter is due to distance errors and to peculiar velocities. The effect of peculiar velocities of 
±150kms~^ is shown by the two curved envelopes. 



pansion; the line was fitted onto the line of SNela by 
a shift in apparent modulus. They are included in Fig- 
ure [5] Also fitted onto the Hubble line are 11 clusters 
with good relative Fundam ental-Plane (FP) distances 



£rom |j0rgensen et al.l (|l996f ) 



2.3 The Hubble diagram of Cepheids 



Sandagd (jl986D traced the Hubble diagram also to lower 
velocities, using mainly Cepheid distances; the aim was 
to detect the perturbation of the Local Group on the 
local expansion field. Later, a sample of 29 Cepheids 
with a mi nimum dist a nce o f 4.4 Mpc was formed from 
the list of Saha et al. I (I2OO6I) including a few additions. 
This sample, shown in Figure [S] after normalization to 
the fiducial value of Hq = 60, defines a Hubble diagram 
with a dispersion of 0.34 mag, much of which is caused 
by random velocities. An orthogonal fit to the data, 
assuming equal errors in magnitude and velocity, gives 
a slope of 0.200 ±0.010, i.e. fully consistent with 0.2 for 
an isotropic Universe and z <C 1. 



2.4 The Hubble diagram of the tip of the red-giant 
branch (TRGB) 

The absolute magnitude M* of the TRGB has emerged 
as a powerful distance indicator, but, hardly reaching 
the Virgo cluster, its range is still limited - even more 
so than that of Cepheids. But locally the apparent 
TRGB magnitudes m* are ideal to trace the mean Hub- 
ble line because their large number compensates for the 
large scatter in \ogv caused by the random velocities 
of nearby field galaxies, m* magnitudes of 176 galax- 
ies have been compiled ([Tammann et al.ll2008al in the 
following TSROSa) of which the nearer ones may be 
affected by the perturbation of the Local Group. The 
Hubble line with only the 78 more distant ones with 
m* > 28.2 has a slope of 0.199±0.019 in agreement with 
linear expansion. The sample of 176 TRGB is shown in 
Figure m adjusted to the fiducial value of Hq = 60. 

For the nearby Cepheid and TRGB distances it is 
important to note that all distances in Figure [S] refer 
to the barycenter of the Local Grou p assume d to lie at 
two thirds of the way toward M31 (|TSR08al ). 
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2.5 A composite Hubble diagram 

The Hubble diagrams of SNe la (including 35 clusters) , 
of the Cepheid distances, and of the TRGB magnitudes 
have been combined in a single diagram in Figure [S] on 
the assumption that they comply to a common value of 
Hq. The question is to what extent the assumption is 
justified. 

The intercept of the Hubble line of the SNe la has an 
error of a{logv) = 0.004. The corresponding error of 
the Cepheid Hubble line is 0.012. Hence the two par- 
tially overlapping Hubble lines can be connected within 
an error of e(logw) = 0.013 or ±0.07 mag. - The 78 
TRGB galaxies outside 4.4 Mpc determine the inter- 
cept within a{\ogv) — 0.007; merging them with the 
SNe la and Cepheid data causes hence an additional 
error of e(logw) — 0.010 or ±0.05 mag. The combined 
fitting error between the nearest and the most distant 
objects is therefore e(logw) — 0.016 or 0.08 mag. This 
limits the variation of Hq with distance to about ±4%. 
This value is now independent of any a priori assump- 
tion on Hq. 

Additional evidence for the near constancy of Hq 
over the entire distance range comes from Table [T] be- 
low, where the value of Hq of the distant SNe la is given 
as well as the independent value of the nearby TRGB 
distances, including their statistical errors. From this 
follows a difference of Hq of only 1 ± 4%. 

The conclusion is that the cosmic value of Hq is the 
same as the mean local value at ~ 300 km s^ to within 
<4%. 

2.6 Tests of various distance indicators against linear 
expansion 

The linearity of the expansion allows to test the re- 
sults of various distance indicators which - beyond 
300 km s^ - must yield mean values of Hq that are 
independent of distance. Examples are: the distances 
fr om surface b rightness fluctuations (SBF) collected 



Tonrv et al. (|200l[ ) and the l uminosity function of 



planetary nebulae (rNLF) (e.g. ICiar dullo et al.l 12002 : 
Feldmeier et al.l 120071 : [Herrmann et al . 2008). As seen 
in Figure [S] they suggest that Hq increases beyond 
500 km s"^ by more than 25% which is impossible in 
the light of Figure [5] However, new work on the 
SBF method is promising; in any case the F ornax 
cluster modulus of 31.54 ± 0.02 |Blakesleel [2OI1I ) is in 
good agre ement with Sandage's value of 31.62 ± 0.10 
(|TSR08al) . 

A large sample of relative D„ — a distances of early- 
ty pe galaxies o u t to 1 0, 000 km s~^ has been published 
bv iFaber et al.l (|l989l ). The sample is not complete in 
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Fig. 6 a) The Hub b le dia gram from SBF distances; 
data from iTonrv et all (120011 ). b) The Hubble diaRram 
from P NLF distances; d a ta com p iled from CiarduUo et al.l 
(|2002t ): iFeldmeier eraP (|2007l l: iHerrmann et all ^200^ ). 
The dashed line stands for linear expansion. 



any sense and yields a Hubble diagram with a scatter of 
0.7 mag. The corresponding incompleteness bias causes 
a seeming, but spurious increase of Hq with distance. 
The authors have therefore applied a bias correction 
which causes Hq to decrease by 10% out to the catalog 
limit, which s uggests that the sample was somewhat 
overcorrected ( SRTlol . Fig. 3). - A much smaller sam- 
ple of related FP distances is apparently bias-free; it 
has been used in § 12.21 

21cm line width distances (Tully-Fisher relation) of 
inclined spiral galaxies have been determined by nu- 
merous authors. The crux of the method is its large 
intrinsic scatter of ^0.7 mag, that is partially due to 
the difficult corrections for inclination and internal ab- 
sorption. (The apparent scatter of magnitude-limited 
samples is of course smaller.) Distance determinations 
of field galaxies by some authors are therefore affected 
by incompleteness bias. 

An attempt to correct 21cm line distances for bias 
does not prove, but is coii sistent with linear expan- 



sion (jFederspiel et al.l 119941 ). A complete, distance 



limited and therefore bias-free sample of 104 inclined 
field spirals can be defined out to only ^ 1000 km s~^ 
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Fig. 7 a) The velocity residuals Ai;220 versus cos a, where 
Q is the angle between the object and the corrected CMB 
apex .Acorr ■ The nearly horizontal line indicates that nearby 
objects with 500 < 11220 < 3500 kms~^ have no significant 
systematic motion toward Acott- b) Same as a), but for 
objects with 3500 < U220 < 7000 km s~^. The slanted line 
indicates a bulk motion of the Local Supercluster of 448 ± 
73kms~'^ with respect to the Machian frame. Red (blue) 
points lie within 30° of the corrected apex (antapex). 



(|TSR08a) : its large scatter does not allow to test for 
linearity. Useful, however, are the nearly co mplete sp i- 
ral samples of the Virgo and UMa clusters (jTSR 08a[ ). 

The valuable cluster distances derived from many 
21cm line width data of a incomplete, but c arefully bias- 
corrected sample of spiral members ( Masters,, 2008.) are 
mentioned already in § 12.21 



2.7 The local dipole velocity field 

2. 7. 1 The Virgocentric infall vector of the Local Group 

The first models of the velocity pertu rbations ca used 
by the nearby Virgo cluster are due to^M (|l974l ) and 
Peebles! (Il976l) . Sandage and some of his c ollaborators 
autho r ed several papers on the subje ct (e.g. lYahil et al. 
198C : Sandage fc Tammannl 1982 : Kraan-Korteweg 
1985 : Jerien fc Tammannl 19931^ Their value of the 
Virgocentri c infall vector of the Local G roup of 220 ± 
50kms~^ ( Tammann fc Sandagel 1985 ) encompasses 
most subsequent determinations. The value has been 




Fig. 8 

field. 



Schematic presentation of the local dipole velocity 



used to correct all velocities for a self-consistent Vir- 
gocentric infall model, which assumes a Virgo density 
profile of r~^ and, correspondingly, that the infall of 
individual galaxies scales with r~^. A n equation for 
the co rrected velocities V220 is given in ISandage et al 
(I2OO6I) . 



2.7.2 The motion relative to the Cosmic Microwave 
Background (CMB) 

The observed velocity of the Local Group toward the 
CMB apex is the vector sum of the Virgocentric in- 
fall and of a still larger velocity comprising a volume 
of unknown size. Ta king the observed C MB veloc- 
ity of 626 ± 30 kms~ ( Hinshaw et al.ll2007 ) toward an 
apex Aohs at I = 263.9, b = 48.2, reducing it to the 
barycenter of the Local Group, and subtracting the 
Virgocentric infall one finds wcmb = 495 ± 25kms~^ 
towards the apex Acorr at I — 275 ± 2, & = 12 ± 4. In 
order to determine the size of the co-moving volume 
a Hubble diagram was constructed as in Fig. [SJ but 
now using the V220 velocities as ordinate. The residu- 
als AW220 from the resulting Hubble line were plotted 
versus cos a, where a is the angle between the object 
and Acorr- After several trials the plot was divided into 
objects with V220 < 3500 km s~^ (Fig. [7^) and into ob- 
jects with 3500 < V220 < 7000 km s"^ (Fig. [Tb). The 
residuals of the nearer objects show essentially no de- 
pendence on cos a. This means that they are at rest in 
first approximation relative to the Virgo cluster, once 
the Virgocentric velocities and the regular Hubble flow 
are subtracted. The inner volume emerges as the (truly 
contracting) Local Supercluster (Fig. [H). The objects 
with V220 > 3500 km s~^ show a highly significant de- 
pendence on cos a. This reflects a bulk motion of the 
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Local Supercluster of 448 ± 73kms^^ in good agree- 
ment with the expected CMB value of 495 ± 25 km . 
Most of the bulk motion must therefore be caused by 
the gravitational force, integrated over the whole sky, 
from the irregularl y distrib uted masses between 3500 
and < 7000 km s"^ (jSETlol ). 

All velocities in this paper are corrected for Virgo- 
centric infall and - in case of V220 > 3500 km s~^ - for 
the adopted velocity of 495 km s~ of the Local Super- 
cluster toward the CMB apex Aeon- 



3 The Calibration of Hq 

Hubble had based his galaxy distances on a few 
Cepheids, on brightest stars, and on the mean lumi- 
nosity of galaxies. His result was Hq — 525. Improve- 
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Baade defined Hq as one of the prime targets for the 
new 200" telescope. But his seminal distinction be- 
tween the young Population I and the old Population 
II (|Baade,,1952, ') was still based on observations with the 
100" telescope. The new finding, that revealed the lu- 
minosity difference between RR Lyr stars and C epheids, 
was confirmed by Sandage's thesis work (I1953I) and re- 
duced Hq by a factor of 2. 

3.1 Sandage's work on the calibration of Hq 



In I1954I Sandage summarized the results from the first 
four years with the 200" telescope and concluded, 
mainly from a corrected magnitude scale, that 125 < 
Hq < 276 [kms~ Mpc— 1]. He also found that some of 
Bubble's brightest stars are actually HII regions which 
are 2 magnitu des brighter; this and a new Cepheid dis- 
tance of M 31 dBaade fc Swopelll95i ) led to Hq = 180 
(|HMS| ). In Il962l Sandage gave a review of Hq at the 
influential Santa Barbara Colloquium where he gave 
Hq = 100 as the mean of several authors, but his pre- 
ferred value, considering also the size of HII regions, 
was Ho — 75. 

His well-known paper of I1970I The search for two 
numbers {Hq and qo) started a new attack on Hq. It had 
begun already with the Ceph eid distance of NGC 2403 
( Tammann fc Sandage! 1968 ). the first galaxy outside 
the Local Group, and continued with a series of Steps 



towar d the Hubble constant which used lvan den Bergh'sl 
( 1960h uminosity classes of spirals in addition to the 
pr evious distance indicators. T he result was Hq = 57 ± 
3 (jSandage &: Tammannlll975l and references therein). 
This pro mpted a 10-year controversy with G. de Vau- 
couleurs (|l977l . and references therein) who had em- 
braced a value of Hq ~ 100. Subsequent papers of 



the series used also 21cm line widths and the lumi- 
nosity function of globul ar clusters giving, if aiiything , 
somewha t lowe r values ( Sandage fc TammannI 119951) . 
Sand_agQ ( 19881 ) derived from the old method of the lu- 
minosity classification of spirals a value of 42 which 
amused him because of the coincidence with "The An- 
swer to the Ultimate Question" in Douglas Adams's 
fiction The Hitchhiker's Guide to the Galaxy. 

After a pilot program to ca librate the luminosity 
of SN ela with brightest stars ( Sandage fc TammannI 
1982hl) . Sandage formed a small team to observe with 
HST the Cepheids in galaxies with known SNela. 
Previous attempts of a SNIa calibration depended 
mainly on an adopted Virgo cluster distance (e.g. 
Leibundgut fc Tammann 1990l ). which itself is contro- 
versial. The program required - as described in the next 
three Sections - a re-evaluation of Cepheids as distance 
indicators, the luminosity calibration of SNela, and the 
zero-point determination of the TRGB distances as an 
independent test. 

3.2 Cepheids 

3.2.1 The P-C and P-L relations of Cepheids 
Sandage wrote about 50 p apers on Cepheids. Al- 



ready the first paper (|l958l ) brought a new physical 
understanding of the period-luminosity (P-L) relation 
of Cepheids which he derived from the theory of har- 
monic oscillations. He showed that the P-L relation 
must have intrinsic scatter, and that the relation is ac- 
tually a period-luminosity-color relation. 

A new P-L relation was constructed by superimpos- 
ing the Cepheids of several external galaxies and by 
setting the zero point by means of up to 11 Cepheids 
that ar e members of Galactic clusters with kno wn dis- 
tances ISandage fc TammannI [l968l Il969i Il97ll) . 

A basic observational fact is that the colors of 
Cepheids depend on metalli city. This was first s et out 
for the Galaxy an d SMC bv | Gascoigne fc KronI (jl965l ) 
and explained by Lanev fc Stobie ( 19861 ) not so much 
as a line blanketing effect, but as a temperature ef- 
fect. The metallicity effect between Galactic, LMC, 
and SMC Cepheids bec omes striking in their (B — V) 
versu s (V—I) diagrams ( Tammann. Sandage. fc Reindll 
200i Fig. 7a&b, in the following TSR03). A de- 
tailed analysis of model atmospheres reveals that the 
whole instability strip is shifted i n the HR diagram b y 



variations of the metal content (jSandage et al.l 119991 ). 
If the ensuing period-color (P-C) relations are dif- 
ferent then the pulsation equation requires that also 
the P-L relations must neces sarily be metal-dependent 
( Sandage fc Tammann 20081 ). Metal-specific P-C and 
P-L relations are therefore needed. 
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Only for three galaxies the necessary input data, 
i.e. intrinsic color and distance, are available: the 
Galaxy with [0/H]t, = 8.62, LMC with [0/H]t, = 
8.36, and SMC with [0/H]t, = 7.98. The Galac- 



tic Cepheid c olors are well determined ([Fernie et al, 
19951 iTSROah : those in LMC and SMC have been 



derived in fields surrounding the Cephe ids and inde- 
pende ntly of the Cepheids themselves ( Udalski et al.l 
1999allbh . The distances of LMC [(m - M) = 18.52] 
and SMC [(m - M) = 18.93] are known to better than 
±0.10 mag from a number of distance indicators that 
are independent of any as sumption on the P-L rela- 
tion of Cepheids dTSROSbl . Table 6 & 7). The Galac- 
tic P-L relation relies on 33 Cepheids in Galactic clus- 
ters and associations and on 36 Cepheids with Baade- 
Be cker-Wesselink distan ces; for the individual sources 
see lSandage et al.l (120041). The two me thods have been 
criticized bv Ivan Leeuwen et al.l (|2007l ). and the BBW 



m ethod is blemish ed by the uncertain projection factor 
p ( Nardettol 2011 ). Yet the steep slopes of the Galac- 
tic P-L relation from the independent cluste r Cepheids 
and the BBW method (|Fouaue et al.l 120031 ) agree ex- 
ceedingly well, and the steep slope is also o bserved i n 
the metal-rich galaxies NGC3351 and 4321 (|TSR08bl ). 

The finally adopted, only slightly revised P-C und P- 
L relations of the three calibr ating gal axies are spelled 
out in Sandage's last paper (jTRS 111 ). The relations 
of LMC and SMC with their conspicuous breaks at 
logP = 0.55 and 0.9, respectively, are compared here 
with the Galactic ones in Figure [HI 

Cepheids in five galaxies of very low metallicity like 
SMC, or even lower, yield particularly well to the appli- 
cation of the SMC P-C and P-L relations. The resulting 
distances agree with RR Lyr star and TRGB moduli to 
within < 0.05 mag on average. This provides an inter- 
esting comparison of the independent distance scales of 
the young Population I and old Population II. 

It has been proposed to use so-called Wesenheit 
pseudo-magnitudes cj in order to deal with the prob- 
lem of internal absorption. They are defined as ujv = 
mv — Rv{B—V) orw/ = mj — Rj{V—I), where Rx is the 
absorption-to-reddening ratio. Intrinsic color differ- 
ences of Cepheids with different metallicity are treated 
here - after multiplication with Rx\ - as an absorp- 
tion effect. This leads of course to systematic distance 
errors. 

3.2.2 Difficulties with Cepheids 

The crux of Cepheid distances is that the internal ab- 
sorption must be known which necessitates a priori 
assumptions about their (metal-dependent!) colors. 
Three problematic cases are mentioned in the following. 



a) (B-V) 




b) (V-l) 



c) B 






0.0 0.5 1.0 

logP 



Fig. 9 a) and b) The P-C relations in (B-V) and (V-I) of 
the Cepheids in the very metal-poor SMC and in the metal- 
poor LMC relative to the metal-rich Solar neighborhood. 
c)-e) The P-L relations in B, V, and 7 of the Cepheids in 
SMC and LMC relative to the Solar neighborhood. 



Ml 01. The 28 Cepheids in an outer metal-poor field of 
MlOl (|Kelson et al.lll996l ) give with the adopted P-C 
and P-L relations of LMC a small internal reddening 
of E{V-I) = 0.03 and (m - M)° = 29.28 ± 0.05. The 
773 Cepheids (after exclusio n of overtone pulsators) in 
two inner, metal-rich fields (jShappee fc: Stanekl 1201 ll ) 
must be compared with the metal-rich P-C relation of 
the Galaxy resulting in excesses E{V—I) that increase 
with period. The absorption-corrected P-L relation, 
however, is significantly flatter than the Galactic P-L 
relation, but agrees well - in spite of higher metallicity 
- with the one of LMC. If the latter is adopted the 
modulus becomes 29.14 ± 0.01. Both of the two dis- 
crepant distance determinations are internally consis- 
tent inasmuch as either fulfills the important test that 
the individual Cepheid distances must not depend on 
the period. It seems to follow that the inner, metal-rich 
Cepheids are more luminous than assumed, or that the 
metal-poor, outer Cepheids are bluer and consequen- 
tially more absorbed than assumed. 



NGC 4258. iMacri et al.l |2006l ) have provided 34 



Cepheids in an outer, metal-poor field of NGC 4258 and 
84 Cepheids in a n in ner, presumably m etal-rich field. 
Diaz et al. I (I2OOOI) and iKudritzkvl (|2011l) . however, have 
shown that the inner field is almost as metal-poor as the 
outer field. The Cepheids in both fields should therefore 
be reduced with the P-C and P-L relations of LMC. One 
obtains then for the outer field E{V-I) = 0.03 ± 0.03 
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Fig. 10 The {V~I) colors of Cepheids in NGC 1309. 

and (to - Mf = 29.47 ± 0.02 and for the inner field 
E{V~I) = 0.13±0.05 and (to- Af) = 29.18±0.02. The 
modulus discrepancy of ^0.3 mag is worrisome. The 
Cepheids in the two fields, although of similar metal- 
licity, do not seem to follow identical P-C and/or P-L 
relations. 

It has been proposed to use NGC 4258 as a corner- 
stone for the distance scal e because of its water m aser 
distance of 29.29 ± 0.09 |Herrnstein et al.l Il999l ) and 



in spite of its remaining error. However, for other 
Cepheids, even if metal-poor, it is not clear whether 
they should be compared with the Cepheids in the outer 
or inner field. 

Blue Cepheids. The metal-rich Cepheids of NGC1309 
jlliess et al.. 2009l) have a P-C relation with unusually 
large scatter and are in {V—I), even without a reddening 
correction, 0.16 mag bluer on average than the presum- 
ably equally metal- rich Galactic Cepheids (Fig. [TOl). In 
fact they are by far the bluest long-period Cepheids 
known. The effect went unnoticed because of the use of 
the Wesenheit pseudomagnitudes. The Cepheids con- 
stitute a new class. Without knowledge of their true 
P-C and P-L relations it is of course not possible to de- 
termine their distances. The cas e is alarm ing because 
also the Cepheids of NGC 3021 jRiess et al. 2009) ap- 
pear to be too blue by 0.07 ± 0.03, and additional in- 
trinsically blue Cepheids may appear red because of 
reddening in their parent galaxies. 

These examples and particularly the ultra-blue 
Cepheids in NGC 1309 suggest that an additional, hid- 
den parameter influences the properties of Cepheids. It 
has been discussed in the literature whether the Helium 



More recently infrared i?-magnitudes of Cepheids in 
a few galaxies have become available. They are less 
sensitive to absorption and metal lines, but this does 
not prove them to be free of other effects. Additional 
data are needed for an independent test. 

3.3 The luminosity calibration of SNela 

Different authors have homogenized SNIa data in dif- 
ferent ways. The parti culars of the method of Sandage's 
team are laid out in iReindl et all |2005l) . In short. 



their sample excludes known spectroscopically peculiar 
SNela. The SN colors [B-V) and {V-I), corrected for 
Galactic reddening, are defined as the difference of the 



X-corrected magnitudes 



and 



The 



intrinsic colors {B — V) and {V — I) as well as the color 
[B — VY^, 35 days after B maximum, are determined 
from (dust-free) SNe la in E, SO galaxies and from outly- 
ing SNela in spirals with a slight dependence on Atois. 
Corresponding corrections for internal absorption are 
applied throughout adopting a reddening-to-absorption 
ratio of Rb = 3.65 as required by the data (instead 
of the canonical value of 4.1). The decline rate Amis 
is defined as usual as the brightness decline in magni- 
tudes over the first 15 days after B maximum. The 
corrected colors, normalized to Atois = 1.1 become 
{B-V) = -0.02, {V-I) = -0.27, and [B-Vf^ ^ 1.11. 

Also the absolute magnitudes based on velocity dis- 
tances show a pronounced dependence on Atois. The 
additional dependence on galaxian type disappears 
when the magnitudes are normalized to Atois = 1.1. 
The 62 SNe la, corrected for Galactic and internal ab- 
sorption and normalized to Amis — 1-1: in the well 
populated range of the Hubble diagram between 3000 
and 20, 000 km s~ have mean absolute magnitudes of 
Mb = -19.57, Mv = -19.55, and M/ = -19.28 as 
judged from their velocity distances assuming = 60. 
The statistical error of the mean absolute magnitudes 
is only 0.02 mag. 



The HST Supernova Project (jSandage et al.l 120061 ) 



content could be the culprit (e.g. iMarconi et al.l 12005 
Bono et al.ll2008l) . 



gives for ten SNe la with metallicity-corrected Cepheid 
distances weighted luminosities of Mb = —19.49 ±0.07, 
Mv = - 19.46 ±0.07, a nd M j = -19.22 ± 0.06 in the 
system of iReindl et al.l (j2005l ). These values compared 
with those in the previous paragraph yield a mean value 
of Hq = 62. 3 ± 1.3. The statistical error depends almost 
entirely on the calibration and not on the definition of 
the Hubble line. Correspondingly the systematic error 
of ±5 (estimated) is dominated by errors of the Cepheid 
distances. 

To emphasize the difference between the SN magni- 
tudes as defined here and those used by other authors 
it is noted that, for ins tance, the app arent SN mag- 



nitudes as reduced by I Jha et al.l (|2007l ) are fainter by 
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Amy = 0.13 mag on average than here. This is purely 
the result of the definition of the corrected value of 



3.4 The calibration of the tip of the red-giant branch 

The fascinating property of the TRGB is that its 
calibration is straightforward and that the maximum 
brightness of red giants is limited by basic physics. Par- 
ticularly stable is the near-infrared maximum magni- 
tude /* of red giants in old, met al-poor halo populations 
( Da Costa fc Armandrofjll990l) . where also internal ab- 
sorption poses a minimum problem. The practical dif- 
ficulty is the observational determination of the upper 
limit /*, which requires a sufficiently large sample and 
the separation of AGB stars. For the history and model 
calculations of the TRGB see ISalarisI (|2011l ). 

The obvious way to calibrate the TRGB is by RR Lyr 
stars. Sandage has devoted 50 papers to these stars, 
exploring their classification, metal content, evolution, 
age etc. His last metal-dependent, non-linear luminos- 
ity calibration is My(RR) = 1.109 + 0.600[Fe/H] + 
0.140[ Fe/H]^ i.e. My (RR) = 52 mag at [Fe/H] = 
-1.5 ISandage fc TammannI [iooj) . This calibration 
has been applied to 24 galaxies for which RR Lyr 
magnitudes are available in the literature as well as 
TR GB magn itudes /* (for the many original sources 



TSROSbl ). The combination of the RR Lyr moduh 



see 

with the corresponding apparent /* magnitudes yields 
the absolute magnitudes AIj. The mean magnitude of 
the sample - with a mean color of {V ~ I)* = 1.6 or 
[Fe/H]= —1.5 and omitting two deviating cases - is 
M * = -4 .05 ± 0.02, where the dispersion is 0.08 mag 



( TSROSbl). Exactly the same value has been found by 
Sakai et al. ( 2004) fr om globular cluster distances, and 
bv lRizzi et al.l (j2007() from fitting the Horizontal Branch 
(HB) of five galaxies to a metal-corrected HB with a 
known tri gonometric parallax. Also the m ode l lumi- 
nositie s of Bergbusch fc VandenBere ( 2001 ) and Salarid 
(|201l[ ) are close to the empirical calibration. 

The question to what extent Mj depends on the 
metallicity has repeatedly been discussed in the litera- 
ture. Most authors agree that the luminosity does not 
change by more than ±0.05 mag over the relevant range 
of 1.4 < (V-iy < 1.8 or -2.0 < [Fe/H] < -1.2 (see 
Fig. 1 in lTSROSbl) . 

The adopted TRGB moduli of 17 galaxies , for whic h 
also Cepheid moduli are available (listed in lTSR08al ). 
reveal that they are larger by a marginal amount of 
0.05 ± 0.03, than the Cepheid moduli. This shows that 
Sandage's TRGB and Cepheid distances, although fully 
independent, are in satisfactory agreement. The disper- 
sion of the differences of cr = 0.13 mag suggests that the 



individual TRGB and Cepheid distances carry random 
errors of less than ^0.1 mag. 

The mean Mj magnitudes of 240 galaxies of the 
many values in the literature have been averaged and 
normalized to the abo ve calibra tion. The resulting 
distances are listed in lTSR08ai The subsample of 



78 galaxies more distant than 4.5 Mpc gives Hq — 
62.9 ± 1.6. 

In the future it will be important to extend the 
range of TRGB distances beyond 1000 km s~ in or- 
der to tie them even tighter to the cosmic expansion 
field and/or to provide an independent luminosity cal- 
ibration of SNela. F irst attempts have been made 
( TSR08bl : lMould fc Sa kai 2009). 



3.5 Sandage's last value of the Hubble constant 

Sandage has persued the calibration of Hq for almost 
60 years. It was his aim from the beginning to base his 
distance scale on two independent pillars, i.e. on Popu- 
lation I and Population II objects, and he spent about 
equal efforts on either route. The distance scale of the 
former depends heavily on Cepheids, whereas that of 
the Population II relies mainly on RR Lyr stars. The 
determination of Cepheid distances has become more 
involved because of the metal dependence of the P- 
C and P-L relations, accentuated by the correspond- 
ing problems of internal absorption and other unex- 
plained effects - in particular of the more metal-rich 
Cepheids (see § I3.2.2p . Hence the need for a second 
pillar has become even more urgent. The direct com- 
parison of Cepheids and RR Lyr stars is unprofitable 
because of the paucity of galaxies with reliable data 
on both distance indicators. But here the RR Lyr- 
calibrated TRGB distances jump in, which of fer ample 
comparison with Cepheid distances (|TSR08al Tab. 9). 
More important yet was for him that the - admittedly 
still local - value of Hq from the TRGB is the same 
within the statistical errors as that from Cepheids and 
Cepheid-calibrated 21cm distances and SNela as sum- 
marized in Table [T] 

Table 1 The final value of Hq. 



Method 


'^mcd 


N 


Ho 


Ref. 


TRGB 


350 


78 


62.9 ± 1.6 


1 


21cm line width 


750 


104 


59.0 ± 1.9 


2 


Cepheids 


900 


29 


63.4 ± 1.8 


1 


SNe la (V220 < 2000) 


1350 


20 


60.2 ±2.7 


2 


SNe la {vcMB > 3000) 


7700 


62 


62.3 ± 1.3 


3 



adopted 



62.3 ± 1.3{±5.0) 



References - (D lTSROSal : f2) lTSR08d (3') ISandage et ahl 
|2006| . 
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Som e months before Sandage's death iReid et al 
( 201(11 ) pubhshed a paper combining the catalog of lu- 
minous red galaxies (LRG) from the Sloan Digital Sky 
Survey DR7 with the 5-year WMAP data and the Hub- 
ble diagram of the SNe la Union Sample to find a value 
of Hq — 65.6±2.5 on the assumption of a ACDM model. 




Fig. 11 Allan Sandage during a lecture in Basel in 1994. 



A personal note of GAT: I think of Allan Sandage 
in deep thankfulness. He was my inspiring mentor, he 
shared his love for astronomy with me, he impressed 
me with his broad culture, and beyond this he was a 
friend of profound honesty. 
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